Abstract. An attempt was made to clarify the mechanisms of phosphate desorption using the anion exchange resin method for extraction of phosphorus from soil. It was shown that there is a linear dependence between the amount of phosphorus desorbed and the square root of the desorption time. Through theoretical examination it was concluded that the above-mentioned relation between the desorption and time is a result of the diffusion of phosphate from porous soil medium. Using this interpretation of the desorption curve as a basis, the activation energy of the phosphate desorption was calculated from the experimental results obtained with resin extraction at different temperatures. The activation energy values were 32-64 kj/mol depending on soils involved. In application of the results, the mechanisms and rate at different steps of the desorption were examined.
Introduction
Pot experiments with oats (Aura 1978) indicated that the extraction of phosphorus from soil using anion-exchange resin and water seems to be a suitable method for measuring the phosphorus level of Finnish soils. Good results have been obtained earlier in other experiments (e.g. Cooke and Hislop 1963 ) using the resin method. The advantage of the resin method is apparently that the microstructure of the soil is not substantially changed by the extraction. When water acts as the extractant the sructure of the polymerous Fe-and Al-oxide in soil scarcely changes as the phosphate is desorbed from the surfaces of the oxides. The aim of this study is to clarify the rapidity and mechanisms of the release of soil phosphate to a strong base anion exchange resin. The studies of the desorption of phosphate help us to understand the processes which occur near the root surface when the plant takes up phosphorus from soil.
Desorption of phosphate from acid soil
The polymerous Al-and Fe-oxides of soil are very porous substances. In an amorphous form their specific surface is over 100 m 2 /g (e.g. Rajan et ai. 1974, Parfitt et ai. 1975) . The diameter of amorphous oxide pores is very small. Probably only small molecules can move through them (Parfitt 1971) .
Apparently phosphorus on the surface of the pores is most easily released. This is the phosphorus which is extracted in the anion-exchange resin method. (Kingston et al. 1974) . It should also be noted that iron is a transition metal while aluminium is not. For this reason phosphate oxygen as a ligand may form a stronger bond with iron than with aluminium.
The slow desorption of phosphate from aluminium and iron oxides can also be explained in another way. When a proton dissociates from the H-O-P- When a plant takes phosphorus from the soil, a determining factor in the process is the slow diffusion of phosphate in soil surrounding the root surface and root hairs (Nye and Tinker 1977) . The cause of the low concentration of phosphate in the soil solution and its slow diffusion in the soil is the strong bonding of phosphate in iron and aluminium oxides. As the root of the plant takes up phosphorus, phosphate released from oxides is bound repeatedly while diffusing toward the root. The diffusion of phosphate is apparently 337 very slow in the micropores of A 1 and Fe oxides. When phosphorus is extracted from the soil using anion-exchange resin, the diffusion of phosphate in the small pores is a factor which strongly affects the speed of extraction. The determination of the soil phosphorus condition using the resin method gives not only an indication of the amount of labile phosphorus in the soil, but also of the kinetic factor affecting the phosphorus uptake of the plant. If the factor which most of all limits the diffusion of phosphate is, indeed, the breaking off of phosphate oxygen from Al + + + or Fe + + + of oxides, the extraction of phosphorus from soil using anion exchange resin at different temperatures will give a picture of the activation energy of this step of the desorption.
Experimental
The characteristics of the experimental soils are shown in Table 1 . The pH of the soils was measured in 0.01 M CaCl 2-suspension (1: 2.5). Organic carbon was analyzed by the wet combustion method (Graham 1948) . The particle size distribution was determined by the mechanical soil analysis method of Elonen (1971) . Aluminium and iron were extracted by Tamm's acid ammonium oxalate solution. The ratio of soil to solution was 1 to 20 and the extraction time was two hours. Phosphorus desorption experiments were made using the anion exchange resin method described earlier (Aura 1978) . The ratio of anion exchange resin to soil, however, was greater than earlier so that the sorption of phosphorus into resin would not be a limiting factor in extraction. Figure 1 shows how the ratio of resin to soil affects the phosphorus desorption from soil. Based on these results, a ratio of 2 g resin (Dowex 21-K, [16] [17] [18] [19] [20] mesh, in chloride form) to 0.5 g of soil was chosen for soils containing small amounts of labile phosphorus (< 10 mg/1 water extractable P). When the soil for soils contained a great deal of labile phosphorus, 5 g of resin to 0.5 g soil was used.
The volume of water in the extraction was 100 ml. A volume of 100 ml of recovery solution (0.25 M Na 2 S0 4 ) to 1 g of resin was used for the leaching of phosphate from resin.
Because of the high resin-soil ratio it was difficult to leach all of the phosphate from the resin with the sodium sulphate solution. For this reason it was necessary to make a correction graph for calculating the results. Into 100 ml portions of water various amounts of phosphate were added and shaken for 1 hour with 20r5 g of resin. Leaching was done with 200 or 500 ml of Na 2 S0 4 solution respectively. The results are shown in Fig. 2 . The graph pictured was used for correction of results.
The phosphorus concentration of the suspension water was also studied at various times during the resin extraction. Measurements of the P-concentration of the suspension water were made on soil 4. This soil contained a great deal of sand and fine sand, so the filtration of the suspension (soil-resin-water) for phosphorus determination was rapid.
Apparently there was scarcely any diffusion of phosphorus from soil particles during this short filtration time. According to the measurements the P-concentration of water during resin extraction was under 0.01 mg/1. For activation energy determination phosphorus was extracted from the soil by resin at temperatures of 4, 10 and 20°C. Results obtained in the 2 or 4 hour extraction were used to calculate the values of the activation energy.
Dependence of phosphorus desorption on extraction time
As Figures 3a and 3b show, the amount of phosphorus desorbed from soil is in linear dependence on the square root of the extraction time. The desorption of phosphorus from soil 8 was no longer proportional to the square Fig. 3 a and 3b . The dependence of phosphorus desorption from soil on resin extraction time.
root of the shaking time after 120 minutes. This soil contained a large amount of plant available phosphorus and pH was high, 7.3. The results seem to show that when the extraction time with the resin method is not very long the relation between the desorption and the square root of the shaking time can be expressed by a straight line. This type of dependence between the desorption and the extraction time when using the resin method was shown, for example, in the studies by Cooke (1966) .
It is tempting to interpret the linear dependence between the desorption and the square root of the extraction time as resulting from the diffusion of phosphate from porous soil particles. In clay soils phosphorus diffuses from porous aggregates. Sandy soils are composed of primary particles, and therefore the phosphorus diffuses directly from porous A 1 and Fe oxide polymers into the surrounding suspension water. If the extraction time is not particularly long, phosphorus diffuses mainly from the porous surface layers of soil particles according to the following equation (Crank 1970 
where C ol C on and D x D n are the original diffusible phosphorus concentrations and diffusion coeffisients corresponding to the particle surfaces 1, .. . ,n. The value of the diffusion coefficient is dependent on the concentration of labile phosphorus in the porous material. However, in order to simplify the examination the coefficient D is held constant. The diffusion coefficient of phosphorus in moist soils not containing high amounts of labile phosphorus is in the magnitude oi 10~9 cm 2 /s (GrahamBryce 1963 , Lewis and Quirk 1967 , Kunishi and Taylor 1975 . In micro aggregates which do not contain large pores the diffusion of phosphorus is apparently much slower than in a soil of normal structure. In sand soil or in dispersed clay soil the diffusion of phosphorus in particles is apparently extremely slow, since in these soils phosphorus diffuses during the resin extraction mainly from polymerous A 1 and Fe oxides. When the pore size in these oxides is about the size of small molecules (Parfitt 171) , the diffussion of phosphorus in A 1 and Fe oxide pores is probably almost as slow as the ditfusion in solid material.
When the concentration of the desorbing substance outside the surface of the porous medium is zero the following equation holds (Crank 1970, p. 30) :
Co where C = the concentration of the substance desorbiong in the porous medium at time t at a distance of x from the surface C Q = the original concentration of the substance in the porous medium A graph drawn according to the equation (3) is in Figure 4 . It shows how the distance x from the surface of a porous medium is dependent on the diffusion coefficient D. Thus C/C0 has a value of 0.90 or the concentration of diffusible phosphorus at the distance x has decreased by 10 % during time t. The time t has a value of 7 200 s (or 2 hours). The facts already stated and Figure 4 support the hypothesis that during short extraction times with the anion exchange resin, phosphorus is diffused from only the surface layers of porous soil particles, and therefore the equation (2) can be applied to the examination of the desorption of phosphorus from soil.
Dependence of phosphorus desorption on temperature a. Desorpation measurements at different temperatures If the phosphate diffusing from soil does not become bound to A 1 and Fe oxides on the pore surfaces, the value of the diffusion coefficient would depend only slightly on the temperature (Nobel 1970, p. 101) . Thus, according to the equation (1), the effect of the temperature on phosphorus desorption would be minimal. However, the desorption of phosphorus from soil in resin extraction is greatly dependent on the temperature, as shown in Table 2 .
Desorption in these experiments did not show as great a dependence on the temperature as did the studies of Cooke and Hislop (1963) , which showed that a rise in temperature from 10°C to 20°C increased the phosphorus desorption from soil by 1.5-2.2 times. However, the extraction time in the experiments of Cooke and Hislop was long, 16 hours. The results obtained with resin indicate that the beneficial effect of temperature on the phosphorus uptake by plants which was observed in various studies (Sutton 1969, Sipitanos and Ulrich 1971) is based partly on the chemical properties of soil. Table 2 also gives reason to suppose that the higher the soil pH and the less phosphate-binding AI and Fe oxides there are in the soil, the less dependent the desorption is on the temperature. However, this could be determined with more test material. 
As the shaking time, t, is constant and since the value in the parenthesis is not dependent on the temperature, by introducing the value of R we get: 
The amount of desorbed phosphorus Q was measured at temperatures of 4°C, 10°C and 20°C. The activation energy Ea was obtained by graphical method in the ordinary way (e.g. Morris 1974, p. 269) . The activation energies for experimental soils are shown in Table 3 . If the detachment of phosphate oxygen is preceded by its acceptance of a proton, this step of the reaction is apparently rapid. When the phosphate oxygen takes a proton the coordination bond of the phosphate oxygen becomes as weak as that of the coordination water. The phosphate oxygen must move away a certain distance from the central ion before the oxygen of water or of hydroxyl can take its place. The energy required for this movement from the central ion is probably indicated by the measured value of E a . For the sake of comparison, the activation energy required when a coordinated water molecule of Fe + + + exchanges for another water molecule is about 60 kj/mol (Basolo and Pearson 1967, p. 152 (Connick and Stover 1961) . Activation energy does not appear to be so high that it would be the main cause for the slowness of phosphate desorption. Another factor probably retarding phosphate desorption is that perhaps only a small part of the phosphate oxygen bound on oxides has taken the proton which weakens the bond between phosphate oxygen and the central ion and makes desorption possible. Also, the desorption may be retarded due to the fact that phosphate can be bound to two adjacent central ions in the oxide forming the ring sturcture. For desorption to (1978) , the rate of the ring formation of H 2 P0 4 on hydrous alumina was slow.
Even after 6 days the percentage of H 2 P0 4 adsorbed that formed a ring structure was less than 15 %.
